Together with glial-derived neurotrophic factor (GDNF), soluble factors present in a metanephric mesenchyme (MM) cell conditioned medium (BSN-CM) are necessary to induce branching morphogenesis of the isolated ureteric bud (UB) in vitro (Proc. Natl. Acad. Sci. USA 96 (1999) 7330). Several lines of evidence are presented here in support of a modulating role for fibroblast growth factors (FGFs) in this process. RT-PCR revealed the expression of two FGF receptors, FGFR1(IIIc) and FGFR2(IIIb), in isolated embryonic day 13 rat UBs, which by indirect immunofluorescence displayed a uniform distribution. Rat kidney organ culture experiments in the presence of a soluble FGFR2(IIIb) chimera or a neutralizing antibody to FGF7 suggested an important contribution of FGFs other than FGF7 to the branching program. Several FGFs, including FGF1, FGF2, FGF7 and FGF10, in combination with GDNF and BSN-CM were found to affect growth and branching of the isolated UB, albeit with very different effects. FGF1 and FGF7 were at extreme ends of the spectrum, with FGF10 (more FGF1-like) and FGF2 (more FGF7-like) falling in between. FGF1 induced the formation of elongated UB branching stalks with distinct proliferative ampullary tips, whereas FGF7 induced amorphous buds displaying nonselective proliferation with little distinction between stalks and ampullae. Electron microscopic examination demonstrated that FGF1 treatment induced cytoskeletal organization, intercellular junctions and lumens along the stalk portion of the developing tubules, while the ampullary regions contained 'less differentiated' cells with an abundant secretory apparatus. In contrast, FGF7-induced UBs displayed this 'less differentiated' morphology regardless of position on the structure and were virtually indistinguishable from FGF1-induced ampullae. Consistent with this, GeneChip array analysis (employing a novel nanogram-scale assay consisting of two rounds of amplification and in vitro transcription for analyzing small quantities of RNA) revealed that FGF7-induced UBs expressed more markers of cell proliferation than FGF1, which caused the UB to express cytoskeletal proteins, extracellular matrix proteins, and at least one integrin, some of which may be important in UB branch elongation. Thus, while the various FGFs examined all support UB growth, FGF1 and FGF10 appear to be more important for branching and branch elongation, and may thus play a role in determination of nephron number and patterning in the developing kidney. These in vitro data may help to explain results from knockout and transgenic studies and suggest how different FGFs may, together with GDNF and other factor(s) secreted by MM cells, regulate branching morphogenesis of the UB by their relative effects on its growth, branching and branch elongation and differentiation, thereby affecting patterning in the developing kidney. q
Introduction
The cellular and molecular mechanisms of how the ureteric bud (UB), a single epithelial outgrowth of the Wolffian duct, develops into the complex tree-shaped structure of the kidney collecting system remain unclear (Pohl et al., 2000; Sakurai and Nigam, 2000) . As the UB undergoes a series of sequential branching events, there are at least two structurally and functionally distinct domains: an active proliferative zone or ampullar portion, and a tubular or stalk portion. It is not known how these distinct domains are formed and maintained, although the metanephric mesenchyme (MM) (an embryonic kidney mesenchymal tissue surrounding the UB) and stroma are considered to play an essential role.
Until recently, it was believed that contact between the cells of the MM and UB was required for sequential UB branching, in large part because it had not been possible to demonstrate repetitive branching morphogenesis of the isolated UB in the absence of direct MM contact (Grobstein, 1953a (Grobstein, ,b, 1955 Saxen, 1987; Vainio and Muller, 1997) . It has since been shown that impressive branching of the isolated UB occurs in the absence of the MM when the UB is cultured in an appropriate matrix context with glial cell-derived neurotrophic factor (GDNF) and soluble factors secreted by a MM cell line (BSN cells) (Qiao et al., 1999a) . This suggests that the MM itself secretes soluble factors sufficient to induce branching morphogenesis of the UB.
Moreover, this novel model system offers the opportunity, not previously available, to identify soluble factor(s) that can directly regulate branching morphogenesis of the isolated UB in culture.
Apart from GDNF, factors that are necessary for isolated UB branching morphogenesis remain to be defined. The balance of branching-facilitatory and branching-inhibitory factors may be critical to establishing the architecture of the developing collecting system (Santos and Nigam, 1993; Nigam, 1995) . Interestingly, studies of other organs in which branching morphogenesis plays a central role (i.e. lung) raise the possibility that members of the fibroblast growth factor (FGF) family might play a critical role in branching morphogenesis of the UB. For example, various FGFs and their receptors (FGFRs) have been shown to be important in development of lung (Bellusci et al., 1997; Cardoso et al., 1997; Celli et al., 1998; Hogan, 1999; Kato and Sekine, 1999; Lebeche et al., 1999; Metzger and Krasnow, 1999; Warburton et al., 2000; Weinstein et al., 1998) , and this role for FGFs appears to be conserved even in Drosophila trachea development (Klambt et al., 1992; Sutherland et al., 1996) . Furthermore, FGF2 is one of a limited number of factors that induce UB cells to undergo morphogenesis (Sakurai et al., 1997a) , and FGF7 may play a role in the determination of nephron number, which is at least in part a function of UB branching (Qiao et al., 1999b) . Nevertheless, direct evidence for a role of FGFs in branching of UB tissue is lacking. Thus, in the present study, we have employed isolated UB culture to investigate the role that FGFs might play in UB branching morphogenesis.
We have found that several FGFs, including FGF1, FGF2, FGF7 and FGF10, while differing in their effectiveness and type of branching structures induced, affect growth and branching of the isolated UB. Differences in the patterns Fig. 1 . (A-C) BSN-CM displays variation in its ability to induce branching morphogenesis of isolated UBs. Fluorescein-conjugated Dolichos biflorus lectin staining of isolated UBs cultured for 7 days in different batches of BSN-CM supplemented with GDNF (125 ng/ml) reveals distinct differences in the inductive capacity of conditioned media ranging from the complete absence of UB branching (A) to impressive branching and arborization (C). (D-F) UBs grown for 7 days in the presence of BSN-CM and 125 ng/ml of GDNF supplemented with either 500 ng/ml HGF (D), 500 ng/ml TGFa (E), or 500 ng/ml HBEGF (F). The scale bar in all panels is 500 mM.
of branching structures observed appear at least partially related to the ability of certain FGFs to induce selective proliferation of cells at the tips of the branching UB and induce differentiation and lumen formation along the length of the stalk, an observation supported by both ultrastructural studies as well as analysis of expression of several thousand genes on GeneChip arrays. The data suggest that a combination of at least three distinct soluble factors is necessary to properly regulate the extent and patterns of branching morphogenesis of the isolated UB: GDNF, a factor(s) present in BSN-CM, and a FGF-like activity. Furthermore, different sets of FGFs known to be expressed in the kidney appear to have different effects on growth vs. branching of the UB, suggesting how they may work in concert in the formation of the kidney collecting system.
Results
Recently, the conditioned medium (BSN-CM) from an immortalized MM-derived cell line (BSN cells) (Sakurai et al., 1997a ) was shown to be necessary for in vitro branching morphogenesis of the UB isolated from embryonic rat kidney when cultured in an appropriate extracellular matrix together with GDNF (Qiao et al., 1999a) . The observed in vitro UB branching appears similar to that which occurs in vivo, and the UB cultured in this manner retains the ability to induce nephron formation when recombined with freshly isolated MM (Qiao et al., 1999a) . Since in this model of collecting duct development, cell-cell contact between the developing UB and MM was not required, it appears that the MM modulates branching morphogenesis of the UB through the secretion of soluble factors (at least during the initial stages of UB branching). The identity of these factors remains one of the central questions in the field of nephrogenesis, in particular, and epithelial organogenesis in general.
To investigate this question, we employed culture of the isolated UB, a system that potentially allows for the identification of those factors involved in UB branching independent of direct contact with the MM. As shown in Fig. 1 , the inductive capacity of BSN-CM ranged from a complete lack of isolated UB branching (Fig. 1A) to impressive branching and arborization (Fig. 1C) . This variability in BSN-CM was used to screen other soluble factors that might facilitate isolated UB branching morphogenesis. A variety of factors were screened, including EGF receptor ligands (e.g. transforming growth factor alpha (TGFa) and heparin-binding epidermal growth factor (HBEGF)) and hepatocyte growth factor (HGF), known to induce branching morphogenesis of cultured adult kidney epithelial cells (Barros et al., 1995; Montesano et al., 1991; Sakurai et al., 1997b; Santos et al., 1994) . However, they could not induce branching morphogenesis of the isolated bud in combination with GDNF and BSN-CM in the assay (Fig. 1D-F) , suggesting that other factors are involved. Among a number of possible growth factors that might be involved in branching morphogenesis of the UB are the FGFs. FGF2 has been shown previously to induce some morphogenesis in cultured UB cells (Sakurai et al., 1997a) , and FGFs are known to play key roles in branching morphogenesis in both mouse lung and Drosophila trachea (Bellusci et al., 1997; Hogan, 1999; Metzger and Krasnow, 1999; Warburton et al., 2000) . Moreover, several FGF family members including FGF1, -2, -3, -4, -5, -7, -8, -9, and -10 as well as receptors from FGFR1 through FGFR4 are expressed in the developing rat kidney, though this was examined only as early as day 14 of gestation (Cancilla et al., 1999) . In addition, transgenic studies have also suggested a role for ligands of the FGFR2(IIIb), a group of proteins which includes FGF1, FGF3, FGF7, and FGF10, in kidney development (Celli et al., 1998) . RT-PCR analysis of rat embryonic day 13 isolated UBs indicated that the newly induced UB expresses FGFR2(IIIb), as well as FGFR1(IIIc) ( Fig. 2A) , which were found to have a uniform distribution on the UB by immunocytochemistry (Fig. 2B-E) . Interestingly, RT-PCR analysis of whole embryonic day 13 rat kidney indicated that of the FGFs capable of binding to these two receptors, a number were expressed at this early stage (data not shown). However, of the FGFs expressed (i.e. FGF1, FGF5, FGF6, FGF7, and FGF10), only null mutations in FGF7 and FGF10 have been found to have some, albeit variable, affect on kidney development (Ohuchi et al., 2000; Qiao et al., 1999b) . Based on these findings, we decided to examine the role of these and other FGFs and their receptors in branching morphogenesis of the UB more closely.
We examined the effect of a soluble FGFR2(IIIb) on kidney development in cultured whole rat kidney. Soluble FGFR2(IIIb) was added to culture of whole rat kidney and the degree of branching as measured by the number of ampullae (ends) was determined. Since branching is dichotomous, this is indicative of the number of branching events. Consistent with previous transgenic studies (Celli et al., 1998) , treatment with the soluble FGFR2(IIIb) inhibited branching of the UB (Fig. 3A vs. B,E). A ten-fold higher concentration of receptor did not inhibit UB branching to a significantly greater degree (data not shown). Although the level of inhibition was significant compared to controls (P # 0:05), UB branching was only partially blocked ( Fig.  3E ). As mentioned above, of the known FGF family members which bind to FGFR2(IIIb), FGF7 has been shown to play a role in the development of the kidney (Qiao et al., 1999b) . Treatment of the cultured kidney with a neutralizing anti-FGF7 antibody was found to reduce UB branching morphogenesis to comparable levels to the soluble receptor (Fig. 3B vs. C,E). A two-fold increase in antibody concentration did not increase inhibition of UB branching (data not shown). Interestingly, in combination, both soluble receptor and anti-FGF7 antibody inhibited UB branching to a greater extent than either agent alone (P # 0:05) (Fig. 3D ,E) but did not completely block UB branching morphogenesis. Since FGFR2(IIIb) binds other FGFs, including FGF1 and FGF10, with approximately equal affinity to that of FGF7 (Ford et al., 1997; Ornitz et al., 1996) , this raised the possibility that, apart from FGF7, other FGFs (perhaps FGF1, FGF10 and others) play a key role in the branching of the UB.
We therefore examined the effects of FGF1, FGF7, and FGF10 on the isolated UB. Although our RT-PCR analysis indicated that FGF2 was not expressed at the very early stages of nephrogenesis (data not shown), it has been shown to be expressed in the kidneys of E14 rat embryos (Cancilla et al., 1999) . In addition, as stated previously FGF2 is one of a limited number of factors that can induce UB cells to undergo morphogenesis (Sakurai et al., 1997a) . Thus, the effects of FGF2 on isolated UB branching morphogenesis were also examined. We found that FGF1, FGF2, FGF7, and FGF10 all facilitated UB growth in culture although their ability to induce branching morphogenesis of the isolated UB was strikingly different (Fig. 4) . FGF1 and FGF10 stimulated the UB to form long branching tubular structures with clear ampullae (Fig. 4A,B ,G,H). In contrast, FGF2 or FGF7, while inducing growth, resulted in a much less ordered pattern of UB branching leading to the formation of structures in which it was more difficult to distinguish elongated tubules with distinct ampullae (Fig . Fig. 3 . (A-D) Fluorescent photomicrographs of UBs in whole kidneys labeled with FITC-conjugated Dolichos biflorus lectin. Embryonic day 13 rat kidneys were isolated and cultured in vitro in the absence (A, control) or presence of either soluble FGFR2(IIIb) (B, 0.3 mg/ml), neutralizing anti-FGF7 antibody (C, 60 mg/ml) or a combination of the two for 3 days (D). Bottom panel (E): bar graph of the analysis of the inhibition of UB branching in whole kidney cultured in the presence of either soluble FGFR2(IIIb) (B), neutralizing anti-FGF7 antibody (C) or a combination of the two for 3 days (D). Mean^SEM, n $ 6, *P # 0:05, **P # 0:001 (compared to control). The scale bar in (A) is 500 mM (all panels to the same scale).
4C-F); this effect was most obvious with FGF7. Thus, the FGFs tested can be separated into two groups based on their differential effects on growth and branching of the isolated UB, with FGF1/FGF10 inducing the formation of elongated branching tubular structures with distinct ampullae (Fig.  4A ,B,G,H) and FGF7/FGF2 treatment leading to the formation of less ordered structures that were more globular and in which it was more difficult to distinguish stalks from ampullae ( Fig. 4C-F) , especially in the case of FGF7.
In a series of dose-response studies, the concentrations of the various FGFs necessary to induce growth and morphogenesis in vitro were examined. The data not only support the notion that the FGFs induce very different patterns of growth relative to branching in the isolated UB culture system (Fig. 5 ), but they also indicate that, within a certain range, the observed phenotypes are not likely to be dependent upon the concentrations of the growth factors (i.e. the phenotype observed with an individual growth factor is constant regardless of the concentration) (Fig. 5) . Hence, although there may be difference in the growth response at lower concentrations (e.g. lower doses of FGF10 resulted in smaller UBs; Fig. 5J-L) , the pattern of growth appears to remain constant. In fact, further examination of FGF1-and FGF7-treated UBs (the factors which gave the most robust growth and were also at extreme ends of the spectrum in appearance) revealed that even when the concentration of FGF1 was increased to 1000 ng/ml, the UBs still displayed a similar tree-like morphology to that seen with lower concentrations of FGF1 (data not shown), whereas even at 25 ng/ml . Phase contrast photomicrographs of isolated UBs taken after 2 (A) or 3 days (C,E,G) and after 7 (B,D,F) or 10 days (H) of culture in the presence of BSN-CM supplemented with 10% FCS, GDNF (125 ng/ml) and either 500 ng/ml of FGF1 (A,B), 500 ng/ml of FGF2 (C,D), 500 ng/ml of FGF7 (E,F), or 500 ng/ml of FGF10 (G,H). The scale bar in (A) is 500 mM (all panels to the same scale).
of FGF7 the UBs displayed a globular morphology (data not shown). Morphometric analysis of the cultured UBs was performed to control for both inter-and intra-experimental variations. The ratio of the overall perimeter of the UB to its area was used as a measure of branching. Thus, a structure which is highly branched would be expected to have a higher perimeter to area ratio, while this ratio would be lower in a less-branched structure. This is clearly seen in Fig. 6A , where the perimeter to area ratio in FGF1-treated UBs is much higher than that in FGF7-treated UBs. These differences were statistically significant (Fig. 6A) . Interestingly, in FGF1-treated UBs the perimeter and area appear to increase at similar rates, while in FGF7-treated UBs the area increases much faster than the perimeter (Fig. 6B) . Thus, as seen in the micrographs, FGF1-treated UBs are branching and growing simultaneously, while FGF7-treated UBs are growing and expanding with relatively less branching.
Electron microscopic analysis of UBs grown in the presence of FGF1 or FGF7 also clearly demonstrated the differential effects of these two FGFs (Fig. 7) . The vast majority of the cells comprising the FGF7-treated UBs appeared to be undergoing extensive proliferation and active secretion (Fig. 7A ). These cells contained an abundance of endoplasmic reticulum (ER), golgi apparatus, secretory vesicles and mitochondria, while the majority of nuclei were composed almost entirely of euchromatin with little visible heterochromatin (Fig. 7A ). The cells, as a whole, appeared to be randomly arranged with little discernable pattern of organization (Fig. 7A) . Moreover, this was the pattern exhibited by all the cells examined regardless of where they were found in the UB, again indicating that FGF7 induces little if any differentiation of stalk and ampullae in the isolated UB. In contrast, UBs grown in the presence of FGF1 exhibited two clearly distinct areas of cellular morphology corresponding to the ampullary (tip) and stalk regions of the bud. Those cells located in the ampullar region of FGF1-treated UBs were similar to the highly proliferative and secretory cells found throughout the UB in FGF7-treated UBs with abundant ER, golgi, secretory vesicles and mitochondria (Fig. 7B) . The most striking difference between FGF7-and FGF1-treated UBs was found in the stalk region of the developing FGF1-treated bud, where the cells had apparently begun to form an epithelium with a lumen (Fig. 7C) . The cells located in the stalk region were arranged into a nascent simple columnar epithelium (Fig. 7C) . The nuclei, which were beginning to heterochromatinize, were found predominantly in the basal portion of the cell (closest to the extracellular matrix) and the tops of the cells abutted what appeared to be a developing lumen filled with an electron-dense material (Fig. 7C) . Although the origin of this electron-dense material is unknown, closer examination suggested that it contained some remnants of dead cells. In addition, high magnification examination of the ends of the cells abutting the forming lumen revealed the beginnings of intercellular junction formation together with the appearance of circumferential bundles of actin microfilaments reminiscent of the those found in well-differentiated and polarized epithelial cells (Fig. 7D) . This phenomenon was not generally seen in the Fig. 6 . Graphs indicating differential effects of FGF1 and FGF7 on branching morphogenesis of the isolated UB. Phase contrast photomicrographs of isolated UBs grown in the presence of either FGF1 or FGF7 were analyzed using Image-Pro Plus (Media Cybernetics). The perimeter and area of each UB were determined. (A) Bar graphs comparing the perimeter/area ratio of UBs grown in either FGF1 or FGF7 for 7 days (normalized to day zero). A higher value is indicative of more branching (i.e. a larger perimeter to area suggests more convulsions on the surface). Mean^SEM, N $ 4, *P $ 0:05. (B) Line graphs comparing the effects of the FGFs on the perimeter (blue line) and area (red line) of the cultured UB (percent of day zero) after 4 and 7 days of culture. In FGF1-treated UBs (top), the perimeter and area are increasing at an approximately equal rate, while the area of FGF7-treated UBs (bottom) is increasing at a greater rate than the perimeter. Mean^SEM, N $ 4. FGF7-induced UB and suggests that FGF1 treatment induces the differentiation of the cells comprising the isolated UB into a tubular epithelium.
Broad surveys of gene expression in embryonic systems have been hampered by extremely small amounts of RNA which prove limiting even in the context of a single round of in vitro transcription (IVT) with ,1000-fold mRNA amplification. We therefore incorporated a second round of IVT in which RNA generated from the first round IVT reaction was used to produce abundant double stranded DNA template. Using this technique it was possible to generate ,80 mg of labeled RNA from 100 ng of total starting RNA. Utilizing this novel method to analyze the expression patterns of the relatively small quantities of RNA extracted from the isolated UB culture, the comparison of gene expression patterns of FGF1-treated with FGF7-treated UBs largely supported these morphological findings (Fig. 8) . Array data (a survey of 8750 genes) from FGF7-and FGF1-treated UBs were normalized and changes in gene expression were analyzed . Notably, the FGF1-treated UBs also displayed moderate increases in expression of several cytoskeletalassociated proteins, ECM-related proteins, and one ECM receptor (integrin 7a), while in contrast, the FGF7-treated UBs displayed comparable elevations in genes involved in cell growth and/or proliferation (Fig. 8) . The data are consistent with ultrastructural evidence that FGF7 treatment of the UB provides a strong proliferative impetus, while FGF1 treatment is associated with less proliferation, more differentiation and cytoskeletal organization (as evidenced by formation of tubular structures with intercellular junctions and circumferential actin bundles). The expression of a 7A integrin is of interest in light of the fact that a number of integrins have already been shown to play a direct role in UB branching (Zent et al., 2001) .
The question of how the various FGFs exert the observed differential effects remains. In an attempt to answer this question, the different effects of FGF1 and FGF7 in the regulation of UB cell proliferation were examined by bromodeoxyuridine (BrdU) staining of the isolated bud (Fig. 9) . This revealed that FGF1 and FGF7 induced cell proliferation in different parts of the UB. FGF1 treatment selectively induced cell proliferation at the tips of the UB (Fig. 9B) . In contrast, FGF7 treatment induced cell proliferation throughout the bud (Fig. 9C ). These findings are consistent with the observed morphology: FGF1 promotes formation of both ampullae and stalks as occurs during UB development in vivo, whereas FGF7 stimulates proliferation throughout the UB so that it is hard to distinguish between ampullar and stalk domains. Along with the gene expression and EM data, this finding begins to provide an explanation for the observed differential effects of FGF1 and FGF7 on isolated UB branching morphogenesis and branch elongation.
Discussion
Until recently, it was widely held that contact with the MM was essential for branching morphogenesis of the UB, a view largely based upon the fact that it had not been possible to induce the isolated UB to undergo branching morphogenesis (Grobstein, 1953a (Grobstein, ,b, 1955 . The advent of the isolated UB culture system, which demonstrated that considerable iterative branching morphogenesis of the UB could be induced by soluble factors alone (Qiao et al., 1999a) , has shown that at least early UB branching events are not dependent upon direct contact with mesenchyme. In fact, based upon recombination experiments between the isolated cultured bud and fresh MM, it appears that while a MM-derived cell line (BSN cells) provides soluble factors for the branching morphogenesis of the UB, its contact with the UB may also confer directionality to branching and subsequent branch elongation (Qiao et al., 1999a) .
Apart from GDNF, which is necessary but not sufficient for isolated UB branching, and pleiotrophin, which appears to be a branching morphogen for the UB , other key factors remain to be identified. The balance of pro-branching and anti-branching factors probably plays a key role in establishing the patterns of arborization in the Fig. 8 . Representative genes differentially regulated by FGF1 and FGF7 in cultured rat UB. Comparison of gene expression patterns of isolated rat UBs cultured in the presence of either FGF1 or FGF7. GeneChip analysis revealed a number of genes whose expression varied between the two treatment conditions. Accession, GenBank Accession number; process, GO consortium 'process' identifier. GeneChip target sequences were compared to a sequence database corresponding to ,20,000 yeast, fly, and mouse genes with partial curated functional information. Associations with Blastn bit scores of .80 were considered significant. In some cases, functional information was supplemented with information in Pubmed . Name, common name of gene; fc, fold change, the change in the levels of gene expression in one treatment group vs. the other treatment group; FGF1 . FGF7, those genes whose expression was greater in FGF1-treated UBs relative to FGF7-treated UBs; FGF7 . FGF1, those genes whose expression was greater in FGF7-treated UBs relative to FGF1-treated UBs.
developing collecting system (Santos and Nigam, 1993; Nigam 1995) . This study indicates that for development of the UB a combination of three soluble factors is necessary and sufficient for isolated UB branching: GDNF, a FGF-like activity, and a BSN-derived factor(s) present in BSN-CM. We found that neither GDNF nor any FGF alone could promote multiple branching events of the UB, nor could their combination (data not shown). Only in the presence of BSN-CM was extensive growth and branching of in vitro cultured UB observed. Thus, the BSN-CM supplies certain co-factors necessary for the action of GDNF and FGF. Since our data indicate that one FGF can partially substitute for another, in the kidney, where almost all the FGFs and their receptors appear to be expressed (Cancilla et al., 1999) , there would seem to be, at least superficially, a significant degree of redundancy.
While one or more FGFs may be able to compensate for another, we did observe impressive differences within family members of both classes of molecules. FGF1 and FGF10 gave similar patterns of UB branching, resulting in long, thin, regular branches with clearly defined ampullae, although FGF1 appeared the more potent growth factor in the isolated UB. Similarly, FGF2 and FGF7 induced the formation of comparable patterns of UB morphogenesis, leading to the generation of structures that were globular with an irregular branching pattern. These structures generally had less obvious lumens by electron microscopy. Of these two FGFs, FGF7 was the more potent stimulator of UB growth. Thus, while all these FGFs promote UB growth to varying degrees (at least under the conditions of the assay), FGF1 and FGF10 appear to act most like branching morphogens and 'branch elongators'.
Examination of proliferation indicated that FGF1 and FGF7 induce quite different patterns of active proliferation within the isolated UB. FGF1 induces selective proliferation at the tip of the UB ampullae while FGF7 causes proliferation diffusely in the bud (both ampullar and potential tubular portions). This finding would seem to suggest that a FGF1-like activity (FGF1, FGF10 or another FGF) on the UB is more consistent with what is presumed to occur in vivo. However, of these two FGFs (FGF1 and FGF7), FGF7 is the molecule which has been demonstrated to affect the kidney in animals (Qiao et al., 1999b) . FGF7 null mice had smaller kidneys, smaller UBs and a reduced number of nephrons, although the kidney itself functioned normally, suggesting that the observed phenotype was the result of a defect in growth and not kidney differentiation (Qiao et al., 1999b) . This apparent conundrum might be addressed by the fact that mice with a null mutation for FGF10, another ligand for FGFR2(IIIb), also display smaller kidneys, although the defects were not examined in as great detail as FGF7 null mice (Ohuchi et al., 2000) . Thus, although in isolated UB culture FGF1 was more potent than FGF10, these findings taken together suggest that a FGF1/FGF10-like activity plays a critical role in UB branching morphogenesis, branch elongation and differentiation (Fig. 8) . Along with the finding that FGF7 mRNA is not detectable in the developing kidney of the mouse until approximately day E14.5 (Qiao et al., 1999b) and E13.5 embryonic kidneys from FGF7 null animals were essentially identical to wildtype kidneys (Qiao et al., 1999b) , our data together with the knockout data suggest that different FGFs could play roles in different stages of branching morphogenesis. One possible model is that FGF1/FGF10-like activity is instrumental in the early stages of UB morphogenesis by establishing and maintaining a selective proliferation at the tips of the growing tubules leading to elongating branching structures and thereby providing the foundation for the complex arborization and differentiation of the collecting duct, while FGF7 activity may be more important for UB growth either through bud proliferation or survival.
It is not clear yet why FGF1/FGF10 and FGF7 have very different effects on epithelial tubular development of UB cells (Table 1 ). The gene array data obtained using a novel nanogram-scale assay to analyze small quantities of RNA (Fig. 8) provide some hints at genes (cytoskeletal proteins, ECM proteins and integrin 7A) that could be important in mediating branching, branch elongation and tubular differentiation. There are at least two sets of receptors for each FGF, a high affinity receptor tyrosine kinase and a low affinity receptor, the ligand binding of which is modulated by matrix-associated heparan sulfate proteoglycans (Reich-Slotky et al., 1994) . Since both FGF7 and FGF10 bind to FGFR2(IIIb) with high specificity, local expression of matrix proteins and/or heparan sulfate proteoglycans may be an important factor explaining the differential effects of FGF1/FGF10 and FGF7. The results presented here, together with the results of the respective knockout mice (Table 1) , also suggest that studies of combinatorial knockout mice would be particularly informative in understanding how FGFs modulate branching morphogenesis of the UB.
Finally, these studies bear on the much discussed issue of 'redundancy'. FGF1 and FGF2 single and double knockouts do not exhibit any obvious kidney phenotype (Miller et al., 2000) (Table 1) . While our studies suggest that expression of FGF7 or FGF10 could, at some level, compensate for the absence of FGF1 and FGF2 in the kidney, it is important to bear in mind that there are least 20 other FGFs some of which could play roles similar to FGF1 and FGF2, just as FGF10 and FGF7 (respectively) appear to in vitro. 
Generation of conditioned medium
BSN cells or 3T3 fibroblasts plated onto 10 cm tissue culture dishes were grown to confluency and the conditioned media from both cell types was harvested as previously described (Qiao et al., 1999a) . In addition, a Cellmax artificial capillary cell culture system (10 kDa cut-off) was inoculated with BSN cells and conditioned media was harvested according to the manufacturer's instructions.
Expression of FGFs in embryonic kidney and FGF receptors in embryonic UB
Uteri from timed pregnant Sprague-Dawley rats at day 13 of gestation (day 0 of gestation coincided with the appearance of the vaginal plug) were removed and embryos were dissected free of any surrounding membranes and tissue. Embryonic kidneys were isolated and in some cases the UBs were separated from the MM as previously described (Qiao et al., 1999a) . Total RNA was obtained from either whole kidney or the isolated UB using the Strataprep Total RNA Microprep Kit (Stratagene, La Jolla, CA) according to the manufacturer's specifications. RNA was converted to cDNA using oligo(dt) and random primers and this was used as a template. The primer pairs for the FGFRs and Ornitz et al. (1996) . *Expressed in E13 rat kidney (data not shown); **expressed in E14 rat kidney (Cancilla et al., 1999) . b FGFR1 knockout is embryonic lethal prior to onset of kidney organogenesis (Deng et al., 1994; Yamaguchi et al., 1994) . c Kidneys in FGFR2(IIIb) knockout mice are apparently normal up to day 18.5 of gestation, although complete analysis was not done due to lethality at birth (De Moerlooze et al., 2000) . Transgenic mice expressing soluble FGFR2(IIIb) display defects in kidney development (Celli et al., 1998) .
d Qiao et al. (1999b) . e Ohuchi et al. (2000) .
their splice variants were identical to those described by Ford and colleagues for the amplification of FGFRs from adult and embryonic rat kidney. The PCR conditions used for amplification of the FGFRs were also identical to those previously described (Cancilla et al., 1999; Ford et al., 1997) .
Culture of isolated embryonic kidney
E13 embryonic rat kidneys isolated as described above were applied to the top of polycarbonate Transwell filters which were placed within individual wells of a 12-well tissue culture dish to which 800 ml of DME/F12 media supplemented with 10% fetal bovine serum had been applied. The isolated kidneys were cultured at 378C in an atmosphere containing 5% CO 2 and 100% humidity. Soluble FGF receptor FGFR2(IIIb) (0.02-3 mg/ml; ED 50 < 1-3 ng/ml according to the manufacturer) and/or anti-FGF7 antibody (60-120 mg/ml; ND 50 < 6-12 mg/ml according to the manufacturer) were directly added to the culture medium.
Isolation and culture of UB epithelium
Isolated UBs (see above) were suspended within 200 ml of an extracellular matrix gel (1:1 mixture of growth-factor reduced Matrigel and collagen (1 mg/ml type I collagen in a buffer containing 1 £ Dulbecco's minimal essential media and 20 mM Hepes, pH 7.2)) applied to the top of a polycarbonate Transwell filter (Qiao et al., 1999a) . The Transwells containing the suspended buds were placed in individual wells of a 12-well tissue culture dish and cultured with or without growth factors in 800 ml of BSN conditioned media (Qiao et al., 1999a; Sakurai et al., 1997a) supplemented with 10% fetal bovine serum and 125 ng/ml rat recombinant GDNF. The isolated buds were incubated in an atmosphere containing 5% CO 2 at 378C and 100% humidity. Phase contrast photomicrographs of the developing UB were taken using a Kodak DC120 digital camera attached to a Nikon Eclipse TE300 Inverted microscope.
Lectin staining and immunofluorescence
Whole embryonic kidney rudiments or the isolated UBs and their surrounding extracellular matrix were fixed with 2% paraformaldehyde and processed for staining with FITC-conjugated DB (50 mg/ml), a lectin which binds specifically to UB-derived structures (Laitinen et al., 1987) , as previously described (Qiao et al., 1999a,b) . For immunofluorescent localization of the FGF receptors, following DB staining, kidneys were incubated with antibodies against either FGFR1 or FGFR2. Secondary antibodies were labeled with TRITC. Fluorescent staining was detected using a Zeiss laser-scanning confocal microscope.
Quantification of UB branching (whole kidney and isolated UB)
Photomicrographs were analyzed using Image-Pro Plus (Media Cybernetics). For whole kidney, the degree of branching was quantified by using the number of endpoints as a correlative measure of the number of branching events. For the isolated UB, the ratio of the perimeter of the UB to the area of the UB was determined and used as a measure of the degree of branching. In both cases the assays were performed at least in triplicate and error bars represent the standard errors of the mean. P values were calculated with the Student's t-test.
Proliferation analysis
Cultured UBs incubated for 4-5 h in the presence of 10 mM BrdU were extensively washed with PBS to remove unincorporated BrdU and fixed with 2% paraformaldehyde at 48C for 30 min. The following incubations were all carried out at 378C. The samples were washed with PBS (3 £ 15 min), incubated with 0.075% Saponin in PBS for 30 min and 2 N HCl for another 30 min. After extensive washing in PBS to neutralize the pH, the buds were sequentially incubated with 100% FCS for 30 min, mouse antiBrdU antibodies (1:500) in PBS for 60 min, and rhodamine-conjugated anti-mouse IgG antibodies (1:100) for 60 min. After washing in PBS, the samples were post-fixed in 2% paraformaldehyde for 5 min and analyzed with a laserscanning confocal microscope.
Electron microscopy
Cultured UBs and their surrounding extracellular matrix were fixed in Karnovsky's fixative (2.5% glutaraldehyde/ 2% paraformaldehyde in 0.2 M sodium cacodylate buffer, pH 7.2) for 1 h at room temperature and processed for transmission electron microscopy as previously described (Stuart et al., 1996; Tsukamoto and Nigam, 1997) . Thick (1 mM) sections stained with Toluidine Blue were examined with a light microscope and thin sections were cut with a diamond knife. Sections were mounted onto Formvarcoated slotted grids (1 £ 2 mm single hole), contrasted with lead citrate and uranyl acetate and examined with a Zeiss EM9 electron microscope.
Gene chip analysis -RNA isolation and in vitro transcription
At 7 days of culture, isolated UBs (n ¼ 20 for each condition) were partially separated from surrounding extracellular matrix gel and RNA was isolated using the Strataprep Total RNA Microprep kit (Stratagene). Duplicate samples for each condition consisting of 100 ng of total RNA were then used for reverse transcription (RT), second strand synthesis, and in vitro transcription (IVT) of cRNA. cRNA from the first round of IVT was recovered and used as a template in a second round of RT/IVT incorporating biotinylated nucleotides per Affymetrix protocol producing approximately 80 mg of labeled cRNA. Labeled cRNA probe (15 mg) was hybridized to Affymetrix Rat Genome U34A GeneChips, washed, stained and scanned per standard Affymetrix protocol. Data were analyzed as previously described , allowing assignment of statistical significance to observations and filtering for genes with the greatest relative changes in the context of their baseline expression.
